S100 proteins are low molecular weight calcium binding proteins expressed in vertebrates. The family constitutes 21 known members that are expressed in several tissues and cell types and play a major role in various cellular functions. Uniquely, members of the S100 family have both intracellular and extracellular functions. Several members of the S100 family (S100A1, S100A2, S100A4, S1008, S100A9, S100A11, and S100B) have been identified in human articular cartilage, and their expression is upregulated in diseased tissue. These S100 proteins elicit a catabolic signaling pathway via receptor for advanced glycation end products (RAGE) in cartilage and may promote progression of arthritis. This review summarizes our current understanding of the role of S100 proteins in cartilage biology and in the development of arthritis.
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1. Introduction: S100 family of proteins S100 protein was first discovered by Moore in brain tissue and named "S100-protein" because it was soluble in 100% saturated ammonium sulfate [1] . However, subsequent studies have shown that this fraction contained two related proteins, S100A and S100B [2] . Currently, the family of S100 proteins is comprised of 21 known members that are characterized by the presence of two EF-hand domains (calcium binding), one at each N-terminus and C-terminus separated by a hinge region. The carboxyl-terminal (c-terminus) EF-hand domain is referred to as the conical (higher affinity) calcium binding loop that encompasses 12 amino acids, whereas the low affinity N-terminal loop formed of 14 amino acids is known as the "pseudo" or S100-specific EF-hand domain [3, 4] . In humans, most S100 genes are clustered at chromosomal locus 1q21 except S100B, S100p and S100Z, which are mapped at chromosomes 12q22, 4 and 5 [5] [6] [7] [8] . Members of the S100 protein family have sequence homology between 22 and 57% with marked variance at the hinge region and C-terminus, which is thought to contribute to the diversity in their biological function [6] . S100 proteins are expressed in various tissues in a cell type-specific manner and with specific subcellular localization [9, 10] .
In the cell, S100 proteins exist as dimers (homodimers or heterodimers) or multimers [11] [12] [13] wherein the monomeric units of S100 proteins are held together by non-covalent bonds [14] [15] [16] . The only exception to this rule is S100G, which always exists as a monomer [17, 18] . In addition, multimerization of S100 protein is also promoted by posttranslational modification of monomeric S100 proteins [19] and by binding of metal ions [11, 12, 20] . S100 proteins bind various divalent metal ions, including calcium (high affinity), zinc, and copper [21] [22] [23] [24] [25] [26] [27] . Binding of these ions to S100 protein also modulates their function by altering conformational changes. In the calciumfree state, the EF-hand in each monomer is in anti-parallel confirmation. Upon calcium binding, each S100 monomer opens up to accommodate a target; the S100 dimer can bind target proteins on opposite sides. Although S100 dimers are characterized by the same structural motif, differences in the primary sequence of individual helices, the hinge region, or the C-terminal region, as well as differences in the inter-helical angles in calcium-loaded dimers, may be important for the recognition of target proteins and specification of functional roles of individual S100 members.
2. Biological functions of S100 proteins S100 proteins play a major role in a broad array of biological functions. They have both intracellular and extracellular functions. Their intracellular functions include modulation of enzyme activity, calcium homeostasis, cell growth and mobility, cell cycle regulation, cell differentiation and cell survival [28] . Extracellularly, S100 proteins interact with cell surface receptors, including receptor for advance glycation end products (RAGE) [28] [29] [30] and toll-like receptors (TLR) [31, 32] and participate in signal transduction. S100 proteins lack intrinsic enzymatic activity, but they participate in biological function via protein-protein interaction and modulating the activity of their target molecule. Binding of S100B to nuclear Dbf2-related protein kinase (NDR kinase) directly blocks the recruitment of substrate on NDR kinase [33] . A similar mechanism has been proposed for S100A4-mediated regulation of MetAP2 activity [34] . On the other hand, binding of S100A1 to ryanodine receptor, a cellular mediator of calcium-induced calcium release, increases its affinity for ryanodine (its ligand) several fold, resulting in opening of the RyR channel and increased release of calcium from the sarcoplasmic reticulum in skeletal muscle [35] , thus influencing intracellular calcium homeostasis. Furthermore, studies have shown that multiple members of S100 family can interact with a specific target molecule and have differential effects. For example, S100A1, S100B, S100A4, and S100A11 are known to interact directly with cytoskeletal elements including microtubilin, microfilaments, intermediate filaments, actin, myosin, tropomyosin; regulating cytoskeletal dynamics; and playing a role in cell mobility and proliferation [28, [36] [37] [38] . Likewise, many S100 proteins, including S100A2, S100A4, and S100B, interact with tumor suppressor 53 (p53) and modulate its activity differentially. Binding of S100A4 and S100B to p53 negatively modulates its activity to cause cell growth arrest and apoptosis [39] [40] [41] , whereas binding of S100A2 enhances p53's transcriptional activity [42] . Binding of multiple S100 proteins to a single target protein is not surprising given the significant homology in their primary sequence, and provides the mechanism for the similar functional role of the two different S100 proteins in different tissues. On the other hand, the differential affects of S100 proteins on the function of a single target protein also could explain functional diversity within a given tissue.
Some members of the S100 protein family are released into the extracellular environment, where they act as cytokines and are involved in cell proliferation and survival, cell migration, and inflammation [28, 29, [43] [44] [45] [46] [47] . These functions of S100 proteins are associated with numerous human pathologies, including cancer [48] , neurodegenerative diseases such as Alzheimer's disease [49, 50] , autoimmune diseases, and arthritis [51] . Thus, S100 proteins have garnered significant interest as potential therapeutic targets for various human disorders.
S100 proteins in cartilage
Cartilage is an avascular connective tissue present in the ear, nose, rib cage, intervertebral disks, and joints. Articular cartilage lines the end of bones in the joints. It provides smooth, frictionless movements of joints and helps distribute the load across the joints. Articular cartilage is made up of collagens (mainly collagen type II), aggrecan, large proteoglycans, and small biglycans. This matrix provides both tensile strength and flexibility to the tissue. Chondrocytes are the sole cellular component of the cartilage tissue responsible for cartilage homeostasis (matrix synthesis and repair). However, in arthritis (both rheumatoid arthritis [RA] and osteoarthritis [OA]), there is progressive loss of cartilage due to increased production of matrixdegrading enzymes (e.g. matrix metalloproteinases [MMPs] and aggrecanases) locally produced by chondrocytes in response to various catabolic stimuli. In RA, a large proportion of matrix-degrading enzymes come from the rheumatoid synovium, and chondrocytes also participate in the RA disease process at sites remote from the cartilage-pannus junction. Extracellular S100 proteins behave like cytokines and activate the RAGE signaling pathway, resulting in increased production of matrix-degrading enzymes, including MMPs and a disintegrin and metalloproteinase with thrombospondin motifs (ADAMTSs), which are involved in cartilage degradation and the development of arthritis. S100 protein in chondrocytes was first identified by Stefansson et al. [52] in human adult and fetal tissue using immunohistochemistry; they found S100 protein staining in both the cytoplasm and the nucleus. Subsequently, several groups have identified S100 protein in normal tissue and in tumors of cartilage and bone [53] [54] [55] [56] . In earlier work, S100 protein was primarily studied as a marker for chondrocytic phenotype and/or chondrogenic origin [55, 57, 58] . However, additional studies have reported that the intensity of S100 protein increases in chondrocytes near cartilage lesions and suggested that S100 protein may be involved in the cartilage repair process.
Weiss and Dorfman [59] found that chondrocytes from different regions in cartilage lesions stained differently for S100 protein. Cells from degenerating and hypertrophic zones were stained strongly for S100 protein compared to proliferating columnar chondrocytes. Similarly, in osteoarthritic cartilage, S100 protein staining was seen in degenerative and osteophytic regions of cartilage compared to unaffected regions of cartilage [60] , suggesting that S100 protein may be involved in cartilage calcification and mineralization. Wolff et al. [61] and Leonardi et al. [62] postulated that the presence of S100 protein in the cells near cartilage damage indicates that chondrocyte-like cells participate in early matrix repair. This notion of S100-positive cells in matrix repair was further supported by two independent studies. Itoi [63] reported that increased S100 protein staining in cultured cartilage cells related to production of type II collagen. In the second study, Sugimoto et al. [64] showed that fewer cells stained positive for S100 protein in mild OA compared to moderate and severe OA. In mild OA, S100 protein staining was present in chondrocytes near the erosion of surface layers, whereas in severe OA, S100-positive cells were found in clusters. Based on these findings, the authors speculated that S100 protein could influence metabolic activity of cartilage matrix. These early studies suggested that S100 protein might be involved in cartilage matrix synthesis and repair. However, further studies are required to understand the molecular mechanism involved. When these earlier studies were performed, the S100 protein was thought to be a single protein. However, later studies have shown that the S100 protein fraction contains a number of structurally related proteins, which collectively form a family of S100 proteins.
Lately, there has been a renewed interest in S100 protein and its function in chondrocytes due to identification of multiple members of S100 proteins in the cartilage and synovial fluid of patients with OA and RA, and their ability to activate RAGE. RAGE is a transmembrane receptor of the immunoglobulin superfamily that has been implicated in several chronic diseases, including atherosclerosis, diabetes, Alzheimer's disease, and arthritis. RAGE was identified in cartilage and its expression is upregulated in diseased cartilage [65, 66] . Here, we summarize the function of various S100 proteins identified in cartilage to date.
3.1. S100B S100B was one of the first members of the S100 family of proteins detected in cartilage [61] . However, its role in cartilage biology is not clearly understood. Recently, we have shown that extracellular S100B stimulates the RAGE signaling pathway in chondrocytes, resulting in activation of ERK and NF-κB signaling molecules and increased production of MMP-13 [30] . These data suggest that extracellular S100B is a pro-catabolic, pro-inflammatory factor that promotes cartilage degradation and has a role in the pathogenesis of OA and RA.
S100A2
S100A2 is a homodimeric protein that requires both calcium and zinc divalent metals for its activity. S100A2 was detected in both intracellular (chondrocytes) and extracellular (cartilage matrix) tissues. Extracellular cartilage matrix staining was confined to the calcifying areas of the epiphyseal cartilage [67] , suggesting that S100A2 may be involved in calcification of cartilage.
3.3. S100A4 S100A4, also known as metastasin (Mts-1), fibroblast-specific protein (FSP1), p9ka, CAPL, and calvasculin, plays an important role in metastasis. We and others have shown that S100A4 is expressed in human articular chondrocytes, and its expression is upregulated both in RA and OA [30, 68] . S100A4 has both extracellular and intracellular functions. We have recently shown that chondrocytes secrete S100A4 in response to external stimuli [69] and that S100A4 secretion is independent of the Golgi-endoplasmic reticulum secretory pathway [69] . Extracellular S100A4 stimulates chondrocytes by activating RAGE signaling, leading to increased matrix metalloproteinase-13 (MMP-13) [30] . In addition, we found that S100A4 translocated into the nucleus upon interleukin-1β (IL-1β) stimulation, and translocation required post-translational modification of S100A4 by the SUMO protein at K 22 and K 96 . Nuclear S100A4 (nS100A4) was associated with the promoter region of MMP-13 in IL-1β-treated cells, suggesting that nS100A4 is a key factor in transcriptional regulation of the MMP-13 gene. Mutation of the SUMO moiety accepting lysine residues abolished the ability of S100A4 to be sumoylated and to translocate into the nucleus [70] . Blocking of sumoylation and nuclear transport of S100A4 inhibited the IL-1β-induced production of MMP-13. Taken together, these studies suggest that both extracellular and intracellular S100A4 protein is involved in cartilage degradation and in the pathophysiology of OA.
S100A8/S100A9
The alarmins S100A8 (MRP8) and S100A9 (MRP14) are abundantly expressed in myeloid cells and play a major role in inflammation. In joint tissues, S100A8 and A9 are expressed in synovium, bone, and cartilage [71] . In cartilage, S100A8 and S100A9 expression is restricted to non-proliferative hypertrophic chondrocytes [71] and thought to play a major role in calcification of the cartilage matrix. S100A8 expression is barely detectable in resting and unstimulated chondrocytes; however, pro-inflammatory cytokines such as TNFα, IL-1β, and IL-17 upregulate chondrocyte S100A8 expression [72] . Increased intracellular levels of S100A8 and S100A9 may lead to secretion of these proteins into extracellular environments. Secretion of S100A8 and A9 has been shown in macrophages, but it is not known if chondrocytes secrete these proteins.
Studies have shown high levels of S100A8 and A9 in the synovial fluid obtained from patients with OA or RA. However, levels of S100A8/A9 in synovial fluid from RA patients are 10-fold higher than in synovial fluid from OA patients [73] . It is not clear if chondrocytes contribute to the levels of S100A8/A9 in synovial fluid. However, activated macrophages and neutrophils in the inflamed synovium may contribute to increased levels of S100A8 and S100A9 proteins in synovial fluid from patients with OA and RA [74, 75] . The extracellular function of these alarmins is thought to occur via TLR-4 [32, 76] . Chondrocytes express both RAGE and TLR-4 receptors. Chondrocytes respond to extracellular S100A8/A9 stimulation by increasing the production of matrix-degrading enzymes, including matrix metalloproteinase (MMP-2,-3,-9 and -13) and ADAMTS-4 and -5 in RAGEand TLR-4-independent pathways. These studies suggest that S100A8 and S100A9 play an important role in cartilage degradation via additional cell surface receptors.
Recently, Zreiqat et al. [77] showed that S100A8 and S100A9 expression is upregulated in early OA but not late OA, suggesting that these alarmins may initiate initial cartilage degradation by upregulating MMPs and ADAMTSs. Deletion of S100A8/S100A9 prevented cartilage degradation in an antigen-induced arthritis model [78] , indicating that these proteins play a major role in cartilage degradation and development of inflammatory arthritis.
S100A11
S100A11, also known as S100C and calgizzarin, is a homodimeric protein that interacts with annexin I in a calcium-dependent manner and is a key protein in membrane organization [79, 80] . In cartilage, S100A11 expression is upregulated in OA and is thought to promote chondrocyte hypertrophy [65] , characterized by a dysregulated matrix repair process, increased expression collagen type X, and matrix-degrading enzymes [65] . Chondrocytes releases S100A11 in response to CXCL8, IL-1β, and TNF-α stimulation [19, 65] . Extracellular S100A11 stimulates the RAGE-dependent signaling pathway, resulting in activation of p-38 MAP kinase and increased production of collagen type X, thereby promoting chondrocyte hypertrophy [65] . The extracellular function of S100A11 is attributed to its ability to form dimers. Cecil and Terkeltaub [19] reported that S100A11 monomers are covalently cross-linked by transamidation mediated by transglutaminase 2 (TG-2). Mutants of S100A11 that cannot undergo transamidation do not form dimers and fail to stimulate p38 MAP kinase signaling, but retain the capacity to interact with RAGE. These studies suggest that post-translational modification of S100A11 by TG2 is an important step in S100A11-mediated chondrocyte hypertrophy and thus differentiation and progression of OA.
S100 proteins and signal transduction
Extracellular functions of several S100 proteins are mediated by their interaction with RAGE, a member of the immunoglobulin superfamily expressed by diverse cell types, including chondrocytes [66] . Structurally, RAGE is composed of an extracellular domain (composed of two 'c' type domains and one 'v' type domain), a trans-membrane domain, and a short cytoplasmic domain [81] . Multiple isoforms of RAGE have been identified [82] that are generated due to alternate splicing of the RAGE gene [83] . The predominant forms of RAGE are full-length RAGE, a secreted form of RAGE (sRAGE), C-truncated RAGE (esRAGE), and an N-truncated RAGE. Chondrocytes express several forms of RAGE, including full-length RAGE, N-truncated RAGE and an unglycosylated form of RAGE [66] , suggesting that multiple forms of RAGE may have specialized functions in cartilage tissue.
RAGE is activated by multiple ligands including S100 proteins, AGEs (advance glycation end products), amphoterin, amyloid-β, and lipopolysaccharide [81, [84] [85] [86] . The first step of RAGE activation involves increased production of reactive oxygen species (ROS) via activation of the NADPH oxidase complex [29, 87] . ROS then activates and recruits a cascade of signaling proteins, including RAS, Rac1/Cdc 42, MAP kinases (ERK1/2, p-38 and JNK), phosphatidylinositol-3-kinase (PI3-K), AKT, Janus kinase (JAK), and NF-κB. The signaling pathway activated by RAGE depends on the kind of stimulus and cell type. Here, the focus is on the RAGE signaling pathways activated by S100 proteins.
Binding of S100B to RAGE has been shown to activate the Ras-MEK-ERK1/2-NF-κB pathway in neural cells, resulting in activation of small GTPases, Rac1/Cdc 42 and neurite growth [88] . In addition, studies have shown that S100B also activates the phosphatidylinositol-3kinase (PI3-K)-AKT pathway in a RAGE-dependent manner to increased cellular proliferation [89] . However, at micromolar concentrations, S100B protein activates RAGE and induces increased production of ROS and release of cytochrome-C from mitochondria, leading to apoptosis [88] . On the other hand, in microglia and monocytes, activation of RAGE by S100B results in activation of the Ras-Rac1/Cdc 42-JNK-AP-1 pathway, leading to upregulation of the pro-inflammatory enzyme cyclo-oxygenase 2 (COX-2) [90, 91] . In addition to activation of MAP kinase-NF-κb pathways, stimulation of RAGE by S100B activates the JAK-STAT pathway. In vascular smooth muscle cells, binding of S100B protein to RAGE increases ROS production, which then recruits JAK2 and STAT 3, resulting in proliferation of vascular smooth muscle cells [92] . RAGE-mediated activation of the JAK-STAT pathway required activation of non-receptor Src tyrosine kinase, protein kinase C, and phospholipase D2 [92, 93] .
In chondrocytes, activation of RAGE by S100A4 increased ROS production followed by the phosphorylation of Pyk-2, and activation of MAP kinases, ERK1/2, p-38 and JNK and the transcription factor NF-κB, resulting in increased production of MMP-13 [30] . Furthermore, stimulation of RAGE by S100A11 activated MAP kinases p-38, and promoted inflammation-associated chondrocyte hypertrophy [65] . These studies suggest that RAGE signaling plays an important role in the function of S100 proteins and their pathologies in cartilage. However, in a murine model of mild or severe joint instability, knocking down RAGE expression did not confer chondroprotection [94] . This result suggests that S100 proteins in cartilage may engage other receptors for their function, or that pathways activated by other receptors may modulate RAGE-S100 protein function in cartilage.
AGE-R1 (OST-48; oligosaccharyl transferase-4), a member of AGE receptor complex consisting of AGE-R2 (80K-H phosphoprotein) and AGE-R3 (galectin-3), was recently shown to negatively regulate RAGE-mediated inflammatory response in mesangial cells [95] . The study showed that RAGE-AGE-mediated activation of MAP kinases (ERK1/2) and NF-κB was suppressed by overexpression of AGE-R1. On the other hand, knockdown of AGE-R1 enhanced AGE-mediated activation of MAP kinases (ERK1/2) and NF-κB more than twofold [95] . AGE-R1 is expressed in chondrocytes (R. Yammani and R. Loeser, unpublished observation), but its role in RAGE signaling and in chondrocyte biology is yet to be characterized. Interestingly, overexpression of CD36, a member of the class B scavenger receptor family that is involved in clearing AGEs from cells [96] , was recently shown to suppress RAGE-S100A11-mediated catabolic functions in chondrocytes [94] . The study found that CD-36 expression was locally elevated at the site of cartilage lesions, and its expression was upregulated by IGF-1 and the activation of peroxisome proliferator activated receptor-γ (PPARγ). Both IGF-1 and PPAR promote cartilage anabolism, suggesting that CD36 expression may be chondroprotective and function opposite to RAGE. However, the role of CD 36 in cartilage and chondrocyte biology is not clearly understood.
CD36 is a multifunctional cell surface receptor expressed on many cells, including chondrocytes. It binds to multiple ligands such as oxidized phospholipoprotein, AGEs, and long-chain fatty acids and serves as an endocytic receptor [97] [98] [99] . It was first identified as a receptor for the matrix protein thrombospondin-1 [100, 101] . Binding of oxidized LDL (oxLDL) to CD 36 elicits a cascade of signaling pathways primarily involving the src family of non-receptor-bound tyrosine kinases (fyn and Lyn) and MAP kinase (ERK1/2, p38 and JNK), which then activates downstream pro-inflammatory genes [102] [103] [104] [105] . Activation of CD 36 signaling pathways has been associated with numerous human diseases associated with chronic inflammation, such as atherosclerosis, thrombosis, Alzheimer's disease, and metabolic disease (type 2 diabetes) [106] [107] [108] [109] . Interestingly, CD36 also serves as a co-receptor for the toll-like receptor (TLR) family of cell surface receptors [110] , which promote cartilage degradation and development of both RA and OA. TLRs also share ligands (S100 and high-mobility group box [HMGB] proteins) with RAGE.
Thus, initial overexpression of CD36 may act to scavenge toxic proteins such as AGEs and S100 protein, and suppress RAGE signaling. However, increases in these ligands may then activate RAGE and TLRs, which then recruit CD36 into the mega-receptor complex, copromote the catabolic pathway, and play a major role in arthritis. More studies are required to better understand the role of these Fig. 1 . Biological roles of S100 proteins in cartilage. Increased expression of S100 proteins due to the activity of pro-inflammatory cytokines results in their secretion into the extracellular environment (red dashed lines). There, S100 proteins stimulate chondrocytes in an autocrine or paracrine manner via RAGE or TLR. Activation of RAGE or TLR signaling pathways causes chondrocyte hypertrophy and increased production of matrix-degrading enzymes (MMPs and ADAMTSs), which results in cartilage degradation and development of arthritis. Our recent study has shown that S100A4 translocates into the nucleus and promotes MMP-13 expression (blue dashed line). Question marks indicate still uncharacterized pathways in cartilage. receptors, and their interactions with each other and other proteins in cartilage health and disease.
Conclusions and future perspectives
Although multiple members of the S100 protein family are expressed in chondrocytes, very little is known about their biological function in cartilage, especially their intracellular functions. Current evidence suggests that S100 protein expression is upregulated in diseased cartilage, and that these proteins promote cartilage degeneration by activating RAGE signaling (Fig. 1) . However, studies in other cell types have suggested that RAGE is not a universal receptor for S100 proteins [78, [111] [112] [113] [114] , which may be true in chondrocytes as well. A recent study [94] showed that the absence of RAGE expression is not chondroprotective as expected, suggesting the role of an alternative S100 protein receptor. S100 proteins bind to other cell surface receptors, including TLR, CD36 [115] , and carboxylated glycans [72, 115] , all of which are expressed by chondrocytes. Thus, further studies are required to understand how S100 proteins are secreted by chondrocytes, which receptors are activated by S100 proteins, and the nature of their interactions to elucidate the role of S100 proteins in cartilage biology. Identification and characterization of these molecular events will provide new and novel targets for therapies.
